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Abstract

Herein, Ag/TiO,/Nylon 6/PMMA catalyst system was developed, and its photocatalytic properties were fully analyzed.
XRD, SEM, EDS, and PL analyses were carried out to get information on crystal structure, micromorphology, elemental
composition, and band gap energy. Photocatalytic degradation was followed by UV-vis spectrophotometry. The band gap
of the catalyst was found to be between 2.51 and 3.1 eV. Up to 80% degradation was achieved under UV light irradiation.
No bulk adsorption was observed, which means that the reaction was completely carried by the photocatalytic process. pH 3
value was determined to be suitable for a high rate. Reaction kinetic was determined to be matched with the first-order rate
law. The newly developed polymer blend matrix system here may have broad application prospects in the remediation of

water resources.
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1 Introduction

Including the various approaches to removing dye molecules,
heterogeneous photocatalysis is gaining importance in scien-
tific research allowing major dye groups and their associated
decomposition intermediates and by-products to degrade,
mineralize, and eventually be almost eliminated. Most pho-
tocatalytic materials have high band gaps; therefore, UV rays
can only excite them. TiO; is one of those materials and there
is a high band gap (3.0 eV for the rutile phase, 3.2 eV for
the anatase phase) thus a high recombination rate exists due
to poor separation efficiency between photogenerated elec-
tron—hole pairs [1, 2]. However, doping has been developed
to efficiently overcome this limitation to exploit the low-cost
advantages of this abundant natural material. Moreover, TiO;
is a green chemical. Indeed, it is a food additive [3].

The photocatalytic activity of TiO; is based on reactive
oxygens species generated such as hydroxyl radicals during
UV irradiation. They completely degrade many organic con-
taminants such as chlorinated compounds, pesticides, dyes,
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etc. without being structurally affected in terms of chemi-
cal stability [4]. As noted above, doping is the gold key to
boosting the efficiency of these processes through the nar-
rowing of the band gap and is being done by several methods
such as self-doping, ion doping, rare earth metal doping,
transition metal doping [1, 5, 6, 7]. Noble metal doping is
the other choice for enhancing the efficiency of TiO»; it
was shown that noble metal (Pt and Ag) doped TiO; effec-
tively degraded the dichloroacetic acid (DCA) through the
hydroxyl radicals (*OH) from the transformation of super-
oxide radicals (Oy7). It was also shown that *OH radicals
are responsible for the degradation of DCA in the case of
neat TiO;. They were generated from positively charged
holes leading to a different pathway. Pt and Ag as noble
metal doping materials achieved 100 and 79.3% removal
of DCA [8]. In another study, Ag nanoparticles and TiO;
were prepared as composite films by sol-gel and dip-coating
method for the catalytic degradation of mordant orange dye.
In the study, a catalytic efficiency of up to 60.61% was
found by the role of *OH radicals under UV-A irradiation
[9]. The study on photocatalytic activity of Ag/Au doped
TiO, with the presence of reduced graphene oxide (rGO)
revealed that methylene blue degradation rate was in the
order Ag—Au/rGO/TiO, > Au/rGO/TiO; > Ag/tGO/TiO;
under visible light irradiation. The rate increase was con-
cluded due to the low fermi energy level of these formulations
[10]. Biochar was added to TiO,/Ag mixture as a ternary
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ingredient and was reported to have up to 97.48% photocat-
alytic efficiency for the degradation and mineralization of
methyl orange [11]. In the study, it was shown that Ag and
TiO; acted as electron donors while biochar was an elec-
tron acceptor. It was also found that photocatalytic reaction
was enhanced under low pH values rather than the neutral
or basic pH ranges. Besides noble metal doping strategies,
immobilization techniques are another way to improve pho-
tocatalytic efficiency through enhanced adsorption on the
catalysis surface. The study where the Ag/TiO, was immobi-
lized on natural fibers using hexadecyl-trimethyl-ammonium
bromide (CTAB) revealed that degradation was completed
within 2 h at 40 °C [12]. Another strategy worth saying
is molecular imprinting technology (MIT), which uses the
combination of target pollutants and catalysts materials and
then specific techniques to elute imprinted molecules to get
molecular imprinted polymers (MIPs) or inorganic molec-
ular imprinted (MI) products [13—15]. Noble metal-doped
TiO, formulations within a polymer matrix has been increas-
ingly gaining attention recently due to advantage introduced
by polymers such as easy immobilization on a variety of
different surface like glass and nano-structure formation abil-
ity. An example of this kind of strategy was Ag/TiO, in
polyvinyl alcohol (PVA) electro-spun mats utilized as photo-
catalyst for the removal of methylene blue under visible light
irradiation [16]. Ag/TiO>/PDMS composites were applied
on a cotton fabric as a recyclable water purification mate-
rial with self-cleaning properties through superhydropho-
bic Ag/TiO»/PDMS photocatalyst in which adhesion and
super hydrophobicity is achieved by poly(dimethylsiloxane)
(PDMS) [17]. TiO; nanoparticles smaller than 4 nm were
coated on polymethylmethacrylate (PMMA) for photocatal-
ysis of different dyes such as methylene blue, methyl orange,
rhodamine B, and 80% of removal efficiency was observed.
In the study [18], PMMA substrate was chosen due to flex-
ibility and cheapness. Polyamide 6 (Nylon 6) was used as
a coating agent for nano-sized TiO, production by using a
precipitation technique in which PA6 powders with a par-
ticle size of 20-90 wm were obtained. The study showed
that nanoparticles (Nylon 6 coated TiO,) were a potential
material for laser powder bed diffusion manufacturing tech-
nique. However, no photocatalytic performance was tested
[19]. Photocatalyst systems utilizing the versatile properties
of polymers have been an area that is not much investigated
thus a few studies are present in the literature.

In the present study, Ag/TiO, powders were embedded in a
PMMA/Nylon 6 matrix for the first time which was then dip
coated to produce a surface-coating photocatalyst material
on glass substrates. Ag particles were obtained by using a
half-cell displacement reaction of silver and copper ions. The
photocatalytic activity was tested against Remazol blue dye
degradation. This study may help understand the importance
of polymer mixtures in finding a suitable support or carrier
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matrix material for powder-type catalysts. Another important
advantage of the study is that the prepared catalyst does not
need filtration due to the immobilization of the material on
glass slide thus eliminating the extra steps in the process to
remove the catalyst residue from the solution.

2 Experimental Section

2.1 Materials

TiO, (P25) was supplied from Degussa: Hulls. Silver Nitrate
(Product code 85,228), Nylon 6 (product code 181,110), and
PMMA (Product code 445746) were purchased from Sigma-
Aldrich. Copper foil (Product code 46,365) obtained from
Alfa Aesar. Remazol Blue dye was obtained from Sigma-
Aldrich (Product Code R8001-25@G).

2.2 Synthesis of Silver Powders

Silver powders were obtained by utilizing the commonly
known redox reaction between copper metal and silver ions.
Copper metal in the form of high-purity foil was cut into 25
cm? total area rectangle shapes suitable for immersing into
a 100 mL beaker. Before use, the surfaces of the foils were
wiped with formic acid thoroughly to remove the organic
and other species then cleaned up with water and washed
with isopropyl alcohol then allowed to dry at room tempera-
ture. For the redox reaction 5 g silver nitrate was dissolved in
100 mL of deionized water and copper foils were immersed
into the silver nitrate solution until all the copper foils were
dissolved as copper ions. At the end of the reaction, silver
metals were precipitated at the bottom of the beaker. The
silver precipitate was then filtered, washed with water, and
dried at 70 °C for 5 h.

2.3 Preparation of the Photocatalyst

2.5 g of PMMA and Nylon 6 solid pellets were weighed and
added into 50 mL of formic acid. After 24 h, dissolution
was completed at room temperature. Polymers blend was
obtained as a transparent liquid solution. Firstly, the silver
powder ratio in the catalyst was fixed at 0.25 g at all formu-
lations. TiO, was added into the polymer blend at increasing
amounts from 0.25 gup to 1 g with 0.25 g increase in each. 5
mL of polymer blend solution was used in all formulations.
Therefore, four different samples were obtained. Toillustrate,
the sample included 0.25 g Ag, 0.25 g TiO», and 5 mL of poly-
mer blend solution was named poly 1. The sample containing
0.25 g Ag, 0.50 g TiOy, and 5 mL of polymer blend solution
was named poly 2 etc. In order to compare the effect of sil-
ver, a sample that does not contain silver was prepared and
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named poly 5. Polymer solution and catalyst powder mix-
ing was achieved by mini hand mixer for 1 h. Microscope
glass slides were wiped with formic acid, cleaned by water
thoroughly and allowed to dry. Catalyst coating onto these
glass substrates was carried out by dip coating method that
the cleaned glass simply immersed into the catalyst solution
and dried at 70 °C for 5 h. One side of the catalyst on the
slide was scraped. The amount of catalyst on one side of the
slides weighted was 0.011 g for poly 1, 0.020 g for poly 2,
0.032 g for poly 3, 0.048 g for poly 4, 0.050 g for poly 5.
(The weighted amounts has approximately £ 0.05 g error.)

2.4 Photocatalytic Degradation

Photocatalytic performance of the samples was carried out
as the slide was horizontally lied at the bottom of a suitable
transparent glass container vertically positioned against the
UV lamp (Osram 300 W). 100 mL of Remazol blue solution
was added into the container. A small portion of irradiated
solution was taken at varying intervals and absorption was
measured by UV-vis spectrophotometer. Degradation rates
were evaluated according to Eq. 1.

n(%) = [(CO—_C)} % 100 )
Co

In the equation, n represents the degradation rate, Co rep-
resents the absorbance of the stock solution, and C represents
the absorbance at a certain moment. Important parameters
such as pH, catalyst amount, dye concentration was also
evaluated to find the optimum conditions for photocataly-
sis. To be sure that no contribution occurs from photolysis
or adsorption, blank and dark experiments were also carried
out.

2.5 Photoluminescence Spectra

The band gap energy of the catalyst was found by using the
photoluminescence spectroscopy (PL) technique. From the
excitation and emission spectrum, the band gap energy of the
catalyst was calculated according to Eq. 2 given below.

¢
E,=hv=h— 2
g v % (2)

where E, is the band gap energy, h is the Planck constant
(6.625 x 10734 Js), v is frequency, c is the speed of light
(2.998 x 108 ms—1).If 1 eV is taken as 1.602 x 10719 J, Inm
as 10~ m, then this equation is converted to the simplified
form as given in Eq. 3.

1240

i= 3)

Equation 3 gives the band gap energy in eV unit.
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Fig.1 XRD pattern of Ag/TiO2/Nylon 6/PMMA

2.6 Characterization

X-ray powder diffractometer was used to determine the phase
of the powder (Panalytical Empyrean XRD). An ultravio-
let—visible spectrophotometer was used to determine the light
absorption properties of the samples (UV-Vis, Shimadzu UV
1800). Scanning electron microscope (SEM (FEI QUANTA
250 FEG)) was used to determine the surface properties of the
catalyst and elemental analysis was carried out with energy
dispersive spectra (EDS) detector (Oxford Aztec). Band gap
of the catalyst was measured by using FLSP920 photolumi-
nescence spectrometer (PL).

3 Result and Discussion
3.1 XRD Analysis

As shown in Fig. 1, the XRD patterns show that the diffrac-
tion peaks of the composite catalyst poly 3 as a representative
sample. In the diffractogram, reflections of TiO; are in har-
mony with the anatase standard (JCPDS card No. 21-1272).
The diffraction at 25.80°, 38.60°, 48.58°, 55.62°, and 65.02°
equal angles correspond to the diffraction peaks of (1 0 1),
(111),(200), (20 4) planes. The peak at 38.60° is due to
the sum of the Ag (1 1 1) [20] and TiO; (1 1 1) reflections.
According to the JCPDS file No. 04-0783 for Ag, the diffrac-
tion peaks at 44.90°, 63.08° corresponds to the (2 0 0) and
(2 2 0) planes. Also, a small reflection was observed origi-
nating from the rutile phase TiO; at 27.98° corresponding to
(1 1 0) plane (JCPDS card No. 21-1276). No net diffraction
pattern belongs to the polymer blend was encountered due to
the amorphous nature of the polymers and small portion in
the catalyst formulations.
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Elemental Analysis
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Fig.2 SEM image and Elemental analysis chart of Ag/TiO»/Nylon 6/PMMA composite

3.2 SEM Analysis

SEM images shown in Fig. 2 are observed with 10 kV accel-
eration voltage and varying magnification values between 5
and 10k. It shows first an apparent roughness on the surface.
As going from 100 to 1 pm in the images, well-immobilized
TiO; particles become clearer. Images of poly 3 as arepresen-
tative sample have homogeneously distributed white slits and
holes that could more probably be generated by the splitting
of hydrophobic PMMA chains due to the small water adsorp-
tion characteristic of Nylon 6, which is an advantage for the
creation of active sides during photocatalysis. Indeed, this
was an expected situation, and the main motivation of the
study was to bring PMMA and Nylon 6 polymers together as
a matrix or immobilization material. In other words, a poten-
tial hindering or encapsulation effect toward photocatalytic
activity by polymer matrix was eliminated by the mentioned
separate character of these polymers. Semiqualitative ele-
mental analysis by EDS detector was explained as a graph
in Fig. 2. Polymer existence is understood from carbon atom
percentage while TiO; and Ag seen from Ti, Ag, and oxy-
gen content. Oxygen content also comes from the carboxyl
groups in both polymers.
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Fig. 3 PL excitation and emission spectra of Ag/TiO>/Nylon 6/PMMA

3.3 PL Analysis

PL spectra of Ag/TiO,/Nylon 6/PMMA films were collected
by excitation at 400 nm are given in Fig. 3. The peak wave-
length of the excitation spectrum was observed at 400 nm
which corresponds to 3.1 eV. This energy was absorbed by
the catalyst to excite its valence electrons to the conduction
band. It can be seen from the emission spectra, which is given
in Fig. 3 that a broad emission band is formed from 425 to
750 nm, and there is one distinct emission peak placed at
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Fig.4 Degradation rate depending on the Remazol blue concentration

494 nm. This strong luminescence indicates the presence of
defects stemming from incorporated Ag particles in TiO;
and oxygen vacancies (VO) on the TiO, surface [21]. These
defects change or shift the energy levels in TiO», enabling the
sub-band electronic transitions that cause the absorption of
photons in the visible part of the electromagnetic spectrum.
Emission spectra suggests that the band gap energy is 2.51
eV. From this result, it can be said that band gap energy of
the catalyst should be between 2.51 and 3.1 eV. Thus, a UV
dominated activity exists for the catalyst system introduced
here.

3.4 Photocatalytic Performance

Photocatalytic activity is affected heavily by the transparency
of the dye solution. If a dye solution hinders the irradiation
onto the catalyst surface, then the photocatalytic reaction
becomes slower or no reaction may be observed. In other
words, transparency limits the usability of photocatalysts. To
determine the usability range in the Remazol blue solution
degradation rate against dye concentration was measured first
and plotted in Fig. 4. 45 ppm dye concentration was found to
be the highest limit for transparency of light, and 15 ppm is
the lowest one. To decide this, UV—vis calibration linearity
was used according to Brag’s law. Outside the 1545 ppm
range, calibration curve was not a linear line. According to
Fig. 4, reaction rate gets slower in going from 15 to 45 ppm
but not much difference was seen practically. It took 420
min for the 45 ppm, 390 min for the 30 ppm, and 375 min for
the 15 ppm for the reaction to completely be finished. 70%
degradation was achieved for 45 and 30 ppm, and 80% was
achieved for 15 ppm. It was shown that at the lowest trans-
parency limit (45 ppm) where the UV light has difficulty
penetrating the solution, 70% degradation was possible. If
the transparency is high as in the 15-ppm sample or for pos-
sible dilute solutions, 80% or more degradation values can
be achieved.

c/C,
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Fig.5 Degradation rate depending on pH of Remazol blue solution

Another important factor that influences the performance
is the acidity of the solution. As dyes can be used in different
industrial processes, performance evaluation in different pH
values is necessary. Therefore, three different values were
selected, and photocatalytic activity was tested and plotted
as given in Fig. 5. A relatively high reactivity at acidic pH was
observed as compared to other pH values. The reason for the
preference of a high rate at the acidic pH range is dependent
on the surface charge of the photocatalyst [22]. It can change
the adsorption properties of the dye. Electrostatic interac-
tions, solvent molecules, and charged molecules formed
during photocatalytic reaction are all dependent on the pH of
the solution [23]. If the photocatalyst tends to become posi-
tively charged then a high rate will be observed in acidic pH
values, otherwise basic conditions will be favored. Surface
of the Ag/TiO,/Nylon 6/PMMA photocatalyst becomes pos-
itively charged when the pH is adjusted to the acidic region
due to the protonated OH groups of TiO, and NH groups
of the Nylon 6 chains. As the sulphonic acid groups of the
dye molecule are negatively charged, they are attracted to the
positively charged regions of the catalyst which increases the
adsorption and consequently rate of degradation. This mech-
anism is briefly depicted in the scheme given in Fig. 6.

45 ppm dye concentration and pH 3 were selected as
a starting point for identification of overall catalytic per-
formance. To be sure that no contribution comes from
the photolysis and bulk adsorption, blank and dark exper-
iments were realized. Photolysis is the process in which
only irradiation is responsible for degrading the molecules
without a catalyst. Radiation-sensitive molecules are espe-
cially degraded upon interaction with light. To eliminate
the probability of photolysis a dye solution is waited under
UV irradiation for the longest time required for the reac-
tion with catalyst. Bulk adsorption by the catalyst material
is another cause for decolorization or removal of dye from
the solution without going into the photocatalytic reaction.
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Fig. 6 Effect of acidic pH on

degradation
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Fig.7 Degradation rate comparison of 45 ppm Remazol blue at pH 3
by all catalysis formulations

To determine whether the catalyst material contributes to the
bulk adsorption removal, catalyst material was immersed in a
dye solution saved in dark environment. Results of both pho-
tolysis and dark experiments were plotted against time and
given in Fig. 7. As understood from Fig. 7, dye degradation
is clearly carried out by photocatalytic processes. Figure 7
also shows that poly I has the same degradation capability
as poly 5 having no Ag content. This means that rate accel-
eration effect introduced by Ag is equal to the one obtained
by TiO; increase. Catalysts named poly 2, poly 3, and poly
4 have the same degradation rate but higher than poly I and
poly 5. It is considered that above the amount of catalyst
used in poly 1, synergistic contribution of Ag particles to the
reaction rate masks the effect of TiO; and no net difference
is obtained. Overall degradation rate of the catalyst reaches
up to 80%. Gradual degradation of Remazol blue dye at its
wavelength max between 400 and 800 nm is given in Fig. 8.
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Fig. 8 Degradation of Remazol blue at its wavelength max

As to the reaction mechanism, it can be said that the main
degradation takes place through the hydroxyl radicals (*OH)
from the transformation of superoxide radicals (Oz°7). In
the acidic pH values, the formation of hydroxyl radicals is
boosted. Hydroxyl radicals attack the double bonds which
are more sensitive molecular parts of Remazol dye. By the
attack of hydroxyl radical, the dye molecule divides into two
parts first and then gradually into smaller compounds like
CO,, H>0, COx, NOx by the bond breakages on the double
bonds [24].

3.5 Photocatalytic Reaction Kinetics

The kinetic model of degradation was also analyzed and
found that first order kinetics is applicable to the reaction
(Fig. 9). First-order kinetic is defined as in Eq. 4.

In[C] = In[Cy] — kt 4
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Fig.9 First-order kinetic model of Remazol blue

Table 1 Kinetic parameters of photocatalytic reaction

Catalyst Rate constant (k/s~!) R?

Poly 1 0.0026 0.97
Poly 2 0.0033 0.97
Poly 3 0.0037 0.97
Poly 4 0.0034 0.96
Poly 5 0.0024 0.97

where C, Cy k, ¢ is the dye concentration at any moment, ini-
tial concentration of the dye, reaction rate constant, and time,
respectively. A linear graph of 7 versus /n C demonstrates that
first order kinetics is the case. The linearity of the graph is
determined by the R? values. Results of kinetic assessment
are given in Fig. 9. Reaction rate constants and R> values
are summarized in the following Table 1. R? values were
found to be 0.97 and linearity suggests that more probably
reaction follows the first-order kinetic pathway and concen-
tration dependent. In other words, rate increase or decrease
is related to the available dye molecules on active sides of
photocatalyst surface at any moment. As seen in the table
rate constants of poly 1 and 5 are smaller than others as men-
tioned earlier. Consistent values of reaction rate constants
proves again that first-order kinetic model are very well fits
the available pathway.

4 Conclusions

A new type of polymer blend (Nylon 6 and PMMA) was
applied to the Ag/TiO; powder catalyst system as an immo-
bilizing agent or carrier. Hydrophobicity of PMMA and little
water adsorption capability of Nylon 6 make out a slits and
hole dominant micro morphology as shown by SEM obser-
vation. XRD results suggested that the main TiO, crystal

structure was the photoactive anatase phase. Synergistic rate
increase introduced by Ag was so important that the effect of
anincrease in TiO; content was almost masked in poly 2, poly
3, and poly 4 named samples. PL spectra results suggested
that the band gap of the catalyst should be between 2.51 and
3.1 eV. Successful photocatalytic degradation up to 80% was
achieved. The first-order kinetic model fits the reaction and
suggests that reaction is concentration dependent that avail-
ability of dye molecules on active sides on catalyst surface
influences the rate. The catalyst system also removes the fil-
tration step for residue removal from the medium resulting in
time effective method. The present study demonstrated that
the polymer blend could be a potential carrier material for
powder catalyst systems.
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